Background: Perinatal environmental factors have been associated with the metabolic programming of children and consequent disease risks in later life. Epigenetic modifications that lead to altered gene expression may be involved. Here, we study early life environmental and constitutional factors in association with the DNA methylation of leptin (LEP), a non-imprinted gene implicated in appetite regulation and fat metabolism. Methods: We investigated maternal education, breastfeeding, and constitutional factors of the child at 17 mo of age. We measured the DNA methylation of LEP in whole blood and the concentration of leptin in serum. results: Duration of breastfeeding was negatively associated with LEP methylation. Low education (≤12 y of education) was associated with higher LEP methylation. Boys had higher birth weight and lower LEP methylation than girls. An inverse association was established between birth weight per SD increase (+584 g) and LEP methylation. High BMI and leptin concentration were associated with lower methylation of LEP. conclusion: The early life environment and constitutional factors of the child are associated with epigenetic variations in LEP. Future studies must reveal whether breastfeeding and the associated decrease in LEP methylation is an epigenetic mechanism contributing to the protective effect of breastfeeding against obesity.
P
erinatal environmental factors, such as the socioeconomic status (SES) of parents, nutrition, and lifestyle factors are important in the growth, development, and health of a child up to adulthood (1) . During pregnancy and early postnatal life, an individual can be programmed for nutritional thrift to adapt and survive in an environment of limited resources and poor nutrition (2) . In particular, the mismatch between prenatal and postnatal nutrition is emphasized in association with obesity (3) . Epigenetics may be one of the major links between the periconception and perinatal periods in association with health and disease in later life (4) . It is described as a biological mechanism to explain gene-environment interactions, in which (heritable) changes in gene expression occur without changes in the DNA sequence (5) . DNA methylation is one of the best-understood epigenetic mechanisms and an important programming mechanism of the genome, in which cells and tissues can adapt to past and present environmental exposures (6) .
The gene leptin (LEP) has been proposed as an important candidate gene for thrifty phenotypes because it displays epigenetic variation and is involved in the development of obesity and insulin resistance (4, 7, 8) . LEP is primarily expressed in differentiated adipocytes of white fat tissue, and its product, the hormone leptin, has several functions, including the regulation of food intake and the expression of energy-regulating peptides. Defective production of leptin or its receptor is highly associated with obesity (9) . Higher leptin levels are associated with adiposity in young children and newborns (10, 11) . The relationship between the methylation of the LEP promoter and leptin expression has been investigated in vitro during adipose conversion. In human preadipocytes, leptin is not expressed owing to hypermethylation of the LEP promoter. When the preadipocytes mature, the gene is switched on through demethylation (12) . Differences in methylation of the LEP promoter influence LEP expression in vitro, which suggests a functional effect of methylation on leptin levels (7) .
Illustrative of epigenetic effects on LEP in humans are studies performed on the population exposed to the Dutch famine of [1944] [1945] . Prenatal exposure to the Dutch famine is associated with an increased methylation of LEP (13) . This association is gender-specific and not related to the timing of exposure in pregnancy. The early postnatal period is another critical window in which programming of growth and metabolic functions take place. The injection of leptin during suckling to rodent neonates that are exposed to prenatal under-nutrition prevents them from becoming obese (14) . This might be due to decreased methylation of the pro-opiomelanocortin gene and increased expression of the pro-opiomelanocortin-derived peptide alpha-melanocyte stimulating hormone (α-MSH), which reduces food intake (15) . Leptin is also associated with the maturation of the neuroendocrine axis. Neural projection pathways, regulation of food intake, Articles Obermann-Borst et al.
and energy consumption are disrupted in leptin-deficient mice. Postnatal treatment with leptin, however, restores these projections (16) . In children, neuroendocrine appetite regulation is influenced prenatally by leptin derived from the mother and placenta, and synthesized by the fetus, and postnatally by leptin derived from breastfeeding and synthesized by the infant (17, 18) . Some epidemiological studies have shown that breastfeeding protects against childhood obesity, which seems to be established through the programming of leptin present in breast milk but not in formula (15, 19) . Reports on the influence of breastfeeding on leptin levels are inconclusive, as both increases and decreases of leptin concentrations have been reported (20) .
From this background, we study the methylation of LEP in association with the early environmental and constitutional factors in healthy children at the age of 17 mo.
RESULTS

Characteristics of Mother and Child
In this study, we included 120 mother and child pairs ( Table 1) . Maternal smoking was inversely associated with birth weight after adjustment for gender (β = −231 g; P = 0.021). Boys had a significantly higher birth weight, adjusted for gestational age, than girls. The leptin serum concentrations were slightly higher in girls, albeit not significantly. Of 99 children with available data on breastfeeding, 75 (74.7%) were breastfed of which 14 were breastfed <1 mo. Most of the children were breastfed for at least 1 mo: 21 children were breastfed for >1-3 mo (22%), 21 children were breastfed for >3-6 mo (21%), and 18 children were breastfed for >6 mo (18%). There was no significant association between maternal education and the duration of breastfeeding (χ 2 = 0.89, P = 0.460). Children who were breastfed for 1-3 mo had a significantly higher serum concentration of leptin (2.8 vs. 2.6 mmol/l; P = 0.025) than formulafed children. BMI at 17 mo of age was significantly correlated with leptin concentration (Pearson's r = 0.228, P = 0.040). Low maternal education (≤12 y of education) was associated with an increased postnatal growth rate of the child (Pearson's r = 0.234; P = 0.029).
DNA Methylation of the LEP Gene
Early environmental factors. We measured seven CpG sites of LEP, calculated the methylation per CpG site, and estimated the overall mean methylation ( Table 2) . In Model 1, low education was associated with a higher LEP methylation ( Table 3) . Periconception smoking was not associated with overall LEP methylation, but a strong association was revealed for the methylation of one CpG site (CpG 22, P = 0.001). Duration of breastfeeding was negatively associated with LEP methylation (−2.9%; P = 0.011). In Model 2, the duration of breastfeeding was slightly attenuated but remained significant.
Constitutional factors.
To test for possible phenotypic associations with DNA methylation, we analyzed the relationship between gender and birth weight ( Table 3) . DNA methylation of LEP was 7.3% lower in boys than in girls (Model 1). In the total group, an inverse association was shown between the birth weight per SD increase (+584 g) and LEP methylation (−5.0%, P = 0.005). BMI at 17 mo of age was associated with an overall lower LEP methylation (−3.3%/1.3 kg/m 2 ; P = 0.043). Postnatal growth rate was not associated with LEP methylation. In Model 2, the association between gender and LEP methylation became stronger and the associations with birth weight and BMI at 17 mo of age disappeared.
Leptin serum concentrations. Leptin concentration was significantly associated with the overall methylation of LEP (−1.7%; P = 0.035) ( Table 3 ) and became stronger in Model 2.
Bonferroni correction. After Bonferroni correction, only the association between birth weight and LEP methylation remained significant (P = 0.035).
DISCUSSION
We studied methylation of the LEP gene in children at 17 mo of age in association with early life environmental and constitutional factors because this gene is highly associated with obesity and insulin resistance and is an important candidate for the 
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Articles thrifty phenotype (4, 7, 8) . We observed significant associations between the methylation of LEP and the duration of breastfeeding, birth weight, BMI, gender, leptin concentration in the child and maternal education. The strongest associations were with gender, leptin concentration, and the duration of breastfeeding. To our knowledge, this is the first report on the association between the duration of breastfeeding and lower LEP methylation in very young children. Lower methylation of LEP leads to increased expression and higher concentrations of leptin, which is illustrated by our finding of an increased leptin concentration with lower methylation of LEP. This is supported by the functional effect of methylation on leptin levels (7, 12) . The association between the duration of breastfeeding and LEP methylation is intriguing. In contrast to formula milk, breast milk contains unique growth factors and signaling molecules, as well as leptin. Because of its interaction with almost all neuropeptides that are involved in the regulation of energy balance and food intake, leptin is important in the programming of metabolic pathways (17) . Therefore, we hypothesize that the breast milk content contributes to programming of the neuroendocrine system by modulating methylation patterns of the LEP promoter. The decrease in LEP methylation could be one of the mechanisms by which breastfeeding contributes to protection against childhood obesity. Although it is well known that breastfeeding is less common in mothers with a low education or low SES, the association between breastfeeding and LEP methylation was not confounded by maternal education (21) .
Prenatal exposure to the Dutch famine of 1944-1945 either in the periconception period or late in gestation is associated with an increased methylation of LEP in offspring (13) . Therefore, we want to stress that the association we found may not be related only to breastfeeding but could also be mediated through the dietary pattern of the mother during pregnancy, early life feeding practices, and the current dietary pattern of the child. A study in rats showed that animals that were fed a high-fat diet became obese and had a higher methylation of LEP than rats that were fed a normal diet (22) . This led to altered metabolic programming of the offspring, resulting in increased body length, decreased insulin sensitivity, and reduced levels of leptin, even in the next generation (22, 23) . In mice, a low-protein diet during pregnancy and lactation decreased the methylation of the offspring's LEP promoter and led to a stronger induction of leptin secretion in response to a meal (24) . Others, however, have reported significant changes in LEP expression either in response to a high-fat diet or weight loss without changes in methylation of the LEP promoter (25, 26) . Although studying dietary patterns in association with methylation patterns may be difficult, it will be essential to unravel such associations as those described here. Articles Obermann-Borst et al.
Contrary to our expectation, an increase in birth weight and BMI in early childhood was associated with lower LEP methylation. We expected to find higher methylation of LEP because of the association between obesity and hypermethylation that was found in rats (22) . Nevertheless, lower methylation of LEP related to an increase in birth weight could explain the strong correlation between an increase in birth weight and leptin levels (20) . Because of practical and ethical constraints, we were not able to study the relationship among body composition, different adipose regions, and methylation of LEP. Recent studies also reported on associations between the DNA methylation patterns and constitutional factors in children. Total fat mass and central body fat in children at the age of 9 y have been associated with increased DNA methylation at birth of the retinoid X receptor gene promoter, a locus involved in insulin sensitivity, adipogenesis, and fat metabolism (27) . Furthermore, DNA methylation patterns in cord blood have been associated with body composition at the age of 9 y (28). Although none of these studies looked into LEP, these studies do indicate an epigenetic link between DNA methylation at an early age and phenotype in later life. Therefore, our findings may be an early mark and might precede an altered body composition at later age in childhood.
The gender association with LEP methylation replicates an earlier finding (13). Tobi et al. reported a significantly lower LEP methylation in males than in females in a population with a mean age of 57.1 y (SD 5.5). We now show that the gender difference in LEP methylation is already present at a very young age. Gender differences in methylation have been suggested to evolve from sex-steroid expression and X-inactivation resulting in differential methylation of DNA methyltransferases (29) . Gender differences are also established in leptin concentration. In general, the concentration is higher in women than in men, and this difference is already present at birth (10) . Also in our study population, the leptin concentration is higher in girls than in boys, albeit not significant, probably because of our small sample size. Many underlying explanations for the gender difference in leptin concentration have been presented, such as differences in total fat mass, the distribution of fat mass, involvement of sex-steroid expression, and genetic differences (30) . Our results now indicate that epigenetic differences might be involved. One may consider that the higher leptin concentration in girls is in contrast to the higher methylation of LEP. However, our analysis revealed that both in the girls and in the boys an increase in leptin concentration was associated with lower LEP methylation.
The association between low maternal education as proxy for SES and a higher methylation of LEP warrants further investigation. We hypothesize that the adverse effects of the periconception, prenatal, and postnatal environments that are related to low education, such as occupation, nutrition, lifestyle, and health, have left a signature on the methylation of LEP. This finding is supported by our recent study showing the same association with INSIGF, which is the overlapping region of insulin-like growth factor 2 (IGF2) and insulin (INS), a locus associated with small-size-for-gestational-age at birth (31) . This is in line with a recent exploratory paper showing a distinct genomic methylation pattern associated with early life SES in adult males (32) . Although the DNA methylation in their study was also associated with adult SES, there was only little overlap in the genomic region, which suggests an epigenetic variation specifically linked to early SES. Future studies need to identify the strongest factors of low education in association with methylation and to assess whether these changes in methylation have consequences for health and disease. With that knowledge, modifiable risk factors can be identified from which interventions can arise.
In our study, low maternal education was associated with an increased postnatal growth rate of the child; this is in line with the findings in the Generation R study (33) . One of the explanations for increased growth rate could be the difference in feeding practices among the socioeconomic groups. However, adjustment for breastfeeding (data not shown) on growth rate did not explain our finding, perhaps because of our small sample size. The increased growth rate could be a response to other adverse intrauterine and postnatal exposures that are related to low maternal education.
We have to address the limitations and strength of our study. A limitation is that we measured DNA methylation in genomic DNA extracted from whole blood and not from other tissues; therefore, we have to be careful in extrapolating our data to tissue-specific methylation. The CpG sites studied in the LEP promoter show similar methylation in peripheral blood and adipocytes in vivo. Furthermore, methylation in adipocytes influences LEP expression in vitro (7, 12) . However, measurements of LEP mRNA have revealed that especially in children LEP is differentially expressed depending on the adipose region (34) .
We measured DNA methylation at the age of 17 mo, and it is not known to what extent this reflects methylation patterns set at birth or methylation changes across early postnatal life. Due to the cross-sectional design of the study, we were not able to determine the direction of the associations, i.e., causality or effect, between exposures, phenotypes, and methylation. Furthermore, our sample size together with multiple testing limits the robustness of the inferences that we can make on the associations we found. Therefore, it would be highly informative to study the variation in LEP methylation patterns from birth onwards in a larger group and to examine the relationship with the development of body composition. Although it is often impossible to study the interindividual phenotypic variation that is manifest in inaccessible tissues (such as the brain, visceral fat, and other internal organs and tissues) combined efforts (such as those established through the US National Institutes of Health Roadmap Epigenomics Mapping Consortium) can greatly contribute to this research field (35) . Next to studying the overall methylation of LEP, the focus on single CpG sites may be of importance, which is illustrated by our finding of an association between periconception smoking and increased methylation of CpG site 22. The methylation of this site affects the binding and activity of the transcription factor CCAAT/enhancer-binding protein, which modulates expression of LEP (11) .
A strength of our study is the standardized study moment of 17 mo after birth, which is a relatively short time after pregnancy, thereby minimizing recall bias regarding periconception folic acid use, smoking, and breastfeeding. In conclusion, the present study shows that the variables associated with epigenetic differences in LEP at 17 mo of age are low education, gender, duration of breastfeeding, birth weight, BMI, and leptin concentration. The strongest variables, however, are suggested to be gender, duration of breastfeeding, and leptin concentration. Future studies will be necessary to replicate our findings and to reveal whether they have implications for future health and obesity risk.
METHODS
Study Sample
A total of 120 healthy children (boys n = 70, girls n = 50) at a mean age of 17 mo (SD 2.5) and their mothers were investigated. These motherchild pairs have been previously described in detail (36) . In summary, the mothers and their child were recruited from the public child health care centers of "Thuiszorg Nieuwe Waterweg Noord" currently known as "Careyn" in the Rotterdam area (The Netherlands) between October 2003 and January 2007. Public child health care centers are part of the Dutch health care system and are where physicians specialized in child health care regularly check all newborns at standardized times for health, growth, and development. The included children did not have a major congenital malformation or chromosomal abnormality according to the medical records from the regular check up at the child health center up to inclusion at the age of ~17 mo. We collected postnatal data on the children and their mothers through self-administered questionnaires sent before the hospital visit, which were checked by a researcher for completeness and consistency at the hospital visit. We extracted and calculated the following data: maternal education, age, periconception folic acid supplement use, smoking, gestational age at birth, child's gender, birth weight, duration of breastfeeding, and BMI at 17 mo of age. We used education level as a proxy for SES and considered it as a cumulative determinant and as the strongest marker of SES (37) . We dichotomized this determinant into two categories: low (primary/lower vocational/intermediate secondary education), which corresponds to a maximum of 12 y of ongoing education from the age of 4, and other (higher secondary/intermediate vocational education or higher vocational/university education). Because periconception folic acid use was previously associated with IGF2 differentially methylated region (DMR) methylation and smoking with INSIGF methylation, we investigated the association of both with LEP methylation (31, 36) . We included intake of folic acid according to the Dutch recommendation of a daily intake of 400 μg of folic acid from at least 4 wk before until 8 wk after conception. Gestational age was based on the first day of the last menstrual period or calculated from the first trimester fetal ultrasound. Data on breastfeeding were derived retrospectively from the mothers in a self-administered home questionnaire. To minimize recall bias, we validated this with the information on breastfeeding from the child's record at the public child health care centers of Careyn. Next to using breastfeeding as a grouping variable, we recoded the different groups into a covariate with scores ranging from 0 to 4; (none; <1, >1-3, >3-6, >6 mo). From the child's record at the public child health care center we collected the child's weight and length, after which his or her BMI was calculated by dividing weight in kilograms by squared height in centimeters. For every child with available growth data from birth onward, we calculated the growth rate by plotting the length against the square root of the age. The slope of each individual regression line (β) was used as a variable of the postnatal growth rate. At inclusion, venous blood samples were drawn from all children to measure the serum concentration of leptin. Leptin concentrations were measured in duplicate using a specific Human Leptin Radioimmunoassay kit (Millipore, St Charles, MO). The study protocol was approved by the Central Committee for Human Research in The Hague, The Netherlands, and the Medical Ethical and Institutional Review Board of the Erasmus MC, University Medical Centre in Rotterdam, The Netherlands. All mothers and their respective partners gave their written informed consent on behalf of their participating child.
DNA Methylation Measurements
DNA methylation of LEP was measured in 120 children. Genomic DNA was isolated from whole blood using the salting-out method (38) . One microgram of genomic DNA was bisulfite-treated using the EZ 96-DNA methylation kit (Zymo Research, Irvine, CA) on one of two 96-well plates. Bisulfite-converted DNA-specific PCR primers were used to amplify the investigated region. DNA methylation of CpG dinucleotides was measured by a mass spectrometry-based method (Epityper; Sequenom, San Diego, CA). The quantitative nature, accuracy, and reproducibility of this method have been shown extensively (39) . Details of the measured amplicon, including details of functional relevance, were published previously (40) . In short, the amplicon covers the proximal promoter and includes several CpG sites at which the methylation status influences transcription (7) . Data quality control and filtering were done as previously described (40) . Data filtering consisted of the removal of CpG dinucleotides for which the measurement success rate was low. Common causes of a lower success rate include fragments bordering on the upper and lower limits of the mass range that can be detected and cases of fragments for which the base of the peak signal in the mass spectrum overlapped another fragment. Details about the primer, the CpG sites included, and biological relevance are provided in Supplementary  Table S1 online.
Statistical Analysis
ANOVA t-test and χ 2 test were used for the analyses of the characteristics of mother and child between genders. Associations among the study variables were studied using the χ 2 test, Pearson's correlation, and linear regression. We applied linear mixed models on the raw data without imputation of missing values to estimate the overall mean methylation, exposure-specific differences, and associations (13) . All of the analyses accounted for bisulfite plate and the correlation between the seven CpG dinucleotides; they were simultaneously entered with the variable under study as fixed effects with overall methylation as the outcome. First, we studied the associations of each of the variables separately with methylation in the linear mixed model. These variables comprised the early environmental factors-maternal low education, no use of folic acid, periconception smoking, and duration of breastfeeding; the constitutional factors of the child-gender, birth weight adjusted for gestational age, growth rate, and BMI; and the biomarker concentration of leptin. These analyses are referred to as Model 1. Second, we entered all variables with a P value of <0.01 for the association with LEP methylation simultaneously in an extensive model referred to as Model 2. Linear mixed model analysis was preferred above the more standard paired t-test because it allows analysis of all seven individual CpG dinucleotides together in one test, it accounts for the correlation between adjacent CpG dinucleotides, it includes relevant adjustments within the model on the raw data, and it uses all available data. Absolute changes in DNA methylation are presented as regression coefficient with SE. Absolute changes may seem small but could correspond to a large relative change resulting in functional consequences. Therefore, relative changes in percentage of DNA methylation were calculated by dividing the mean methylation with the risk factor by mean methylation without the risk factor. Because methylation as well as the functional relevance may vary between the individual CpG sites, analyses were also performed for the individual CpG sites with standard t-test and linear regression. These results are provided in Supplementary  Table S2 online. Before testing the association of birth weight, BMI, growth rate, and leptin with LEP methylation, Z-scores were calculated so that the resulting estimated effect size indicates the methylation change per SD change in birth weight, BMI, growth rate, or leptin. The Z-score does not affect any variables other than standardizing the mean to zero and the SD to one and assists in interpreting the results. All P values reported are two-sided. Because multiple statistical tests have been applied, we performed conservative Bonferroni to adjust for multiple comparisons. SPSS 16.0 software (SPSS for Windows; SPSS) was used for all analyses.
